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h i g h l i g h t s
 A magnetic anisotropy of the ferromagnetic Ni nanowires was observed.
 The P(VDFeTrFE) glass transition has an influence on the NWs Ni/P(VDFeTrFE) 0.3% vol composite magnetic properties.
 The NWs Ni/P(VDFeTrFE) composite was polarized to obtain a significant piezoelectric coefficient of 7 pC N 1.
 The magnetoelectric coefficient reached the high value of 237 V/(m Oe).
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a b s t r a c t
Multiferroic composites with very high magnetoelectric coupling composites have been elaborated by
incorporating high aspect ratio magnetic nickel particles in a ferroelectric matrix P(VDFeTrFE). Nickel
nanowires (NWs) were elaborated by the electrodeposition method which allows obtaining a constant
aspect ratio of 250. SEM-FEG images showed a Ni NWs homogeneous dispersion in acetone or in the
P(VDFeTrFE). HR-TEM images and electronic diffraction studies revealed that the Ni NWs are mono-
crystalline, thanks to the electrodeposition method. Magnetic measurements showed a strong anisotropy
of the magnetic particles, the coercivity is higher in the parallel direction (160 Oe). This anisotropy
decreased for the composites due to the diminution of the Ni NWs interactions. The piezoelectric co-
efficient obtained after the composite polarization was significant (7 pC N 1) under a polarization field of
60 kV mm 1. The magnetoelectric coefficient reached the value of 237 V/(m Oe) at 4 kHz. According to
the previous studies, this value is the highest one found for multiferroic polymer matrix composites.
1. Introduction
Magnetoelectric effect (ME) is the combined properties of
magnetostriction (MS) and piezoelectricity (PE) behavior [1,2]. By
coupling these both properties, it is possible to perform a change of
electric polarization upon applying magnetic field (direct ME ef-
fect) or, in return, to obtain a change of magnetization under an
electric field (indirect ME effect) [3,4]. Two ways have been
explored: the intrinsic one with multiferroic materials and the
extrinsic one with magnetoelectric composites. Preparation and
characterization of ME multiferroic materials have attracted much
interest in research for functionalized materials and devices. They
have been widely used as data storage devices [5,6], magnetic
sensors, transducers and actuators [7]. The previously elaborated
composites which present the higher ME coefficients are mostly for
ceramic composites. For example, a multilayer composite terfenol-
D/PZT/terfenol-D has anME coefficient of 600 V/(m Oe) [8], another
multilayer composite Ni/PZT/Ni has 150 V/(m Oe) [9], all measured
at resonance frequency. These composites are made of a piezo-
electric material and a magnetostrictive material. This extrinsic
approach, ferromagnetic particles in organic ferroelectric matrix,
could lead to revolutionary device applications due to their
intrinsic low-cost, lightweight, and flexible features [10]. In previ-
ous works, ferroelectric matrices have been used to elaborate ME
composites as multilayers [10e12] and 3-0 composites where* Corresponding author.
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particles are dispersed in a matrix [13,14].
Recently, magnetic nanowires have been widely studied
because of their promising applications in the perpendicular and
parallel measurement direction [15e17]. One promising technic to
elaborate such magnetic nanowires is the electrodeposition
[18e21]. During the process, the lateral growths of deposited
ferromagnetic materials are bounded by the pore walls so as to
form the desired nanowire arrays.
In this work, ferromagnetic Ni nanowires (NWs) will be pre-
pared by electrochemical deposition in an anodic aluminate oxide
(AAO) porous template. This method allows obtaining 250 aspect
ratio NWs with negligible size dispersion. They will be introduced
in a ferroelectric organic matrix P(VDFeTrFE) in a concentration of
0.3 vol%. Ferromagnetic and ferroelectric properties will be studied
for Ni NWs and neat P(VDFeTrFE). These measurements will also
be performed on P(VDFeTrFE)/Ni NWs nanocomposites to deter-
mine their ferromagnetic and ferroelectric behavior. The
P(VDFeTrFE)/Ni NWs nanocomposite magnetoelectric coefficient
will be determined.
2. Experimental
2.1. Materials
Magnetic nanowires (NWs) were prepared by electrochemical
deposition in an anodic aluminum oxide (AAO) porous template.
The electrolyte used for the deposition was a standard Watts bath
with an accurate pH value of 4. Direct current (DC) electrodeposi-
tion was carried out at room temperature using a Ni wire as anode
with 2.0 mm in diameter. A 200 nm diameter and 50 mm thickness
porous AAO membrane was supplied by Whatman. One side of the
AAO membrane was coated with a 35 nm thickness silver layer by
using sputtering technique as cathode for electrodeposition. The
NWs growing was controlled by the time deposition and the direct
current intensity using a Keithley 2420 sourcemeter. The AAO filled
membrane was dissolved in NaOH solution (6 M) for 30 min,
releasing the NWs from the template. The NWs were washed with
distilled water, filtrated and well dispersed in acetone under son-
ication for 5 s, corresponding to a dissipated power of 25 W.
Poly(vinylidenefluorideetrifluoroethylene) P(VDFeTrFE) (70/
30) mol% copolymer was supplied by Piezotech S.A. (H esingue,
France).
2.2. P(VDFeTrFE)/Ni NWs composites elaboration
The nanocomposites were prepared by using solvent casting
method. P(VDFeTrFE) was dissolved in acetone under magnetic
stirring at 80 !C for 1 h. The Ni NWs acetone suspensionwas poured
into the polymer solution and the mixture was submitted to 5 s
short pulse of sonication, corresponding to a dissipated power of
25 W. The obtained suspension was precipitated with water. The
obtained composite was placed in a steam at 80 !C in order to
remove the totality of the solvent. The composite was pressed at
200 !C under a pressure of about 0.3 MPa. 80 mm thickness films
were obtained. No solvent residuewas found by thermogravimetric
analysis, indicating a complete removal of solvent from samples.
P(VDFeTrFE)/Ni NW nanocomposites were elaborated with a vol-
ume fraction of 0.3 vol%. This is the highest concentration of Ni
NWs to get an insulating material that can be macroscopically
polarized in our case.
2.3. Scanning electron microscopy
The morphology of Ni NWs was examined by scanning electron
microscopy (SEM) using a JEOL JSM 6700F instrument equipped
with a field emission gun (SEM-FEG). The composites were frac-
tured at the liquid nitrogen temperature for observation by SEM-
FEG.
2.4. High resolution transmission electron microscopy
The structure and texture of Ni NWs crystallinity were deter-
mined by high resolution transmission electron microscopy
(HRTEM). Ni NWs were dispersed in toluene and drop of the sus-
pension was coated with lacey carbon films to obtain transparent
sample for electron irradiation. TEM and HRTEM images were ob-
tained by using a JEOL 2100F microscope. The diffraction patterns
were obtained using the selected area electronic diffraction (SAED)
mode.
2.5. Magnetic properties characterization
The measurements were performed with an MPMS 5 Quantum
Design magnetometer (cryo-magnet 5 T and cryostat allowing
sample temperatures from 2 K to 400 K). The sample is placed
between the detection coils in a 5 mm diameter straw, parallel or
perpendicular to them and fixed with a cotton wire.
2.6. Polarization and piezoelectric coefficient measurement
The samples were placed between two conductive electrodes
and poled by applying a sinusoidal voltage ( 55 kV mm 1
or þ55 kV mm 1) between the two electrodes.
When a macroscopic polarization is obtained, the piezoelectric
coefficient d33 is measured by a PM 200 piezometer from Piezotest.
A sinusoidal strength is applied during the measurement. The d33 is
a given by the following equation:
d33 ¼
DP3
Ds3
(1)
where DP3 is the measured polarization and Ds3 the applied stain.
2.7. Magnetoelectric measurements
To measure the magnetoelectric current, the sample is placed
under a dynamic and a static magnetic fields [22]. The alternative
magnetic field Hac is generated by a Helmholtz coil supplied by an
audio amplifier (STA-700 Power Amplifier) which is led by a
function generator (Agilent 33220A). The permanentmagnetic field
Hdc is created by two electromagnets. Under the magnetic field, the
sample is deformed and generates a current amplified by the cur-
rent amplifier (Keithley 617) and observed on the oscilloscope. The
magnetic field generated by the Helmholtz coils is measured by a
Hall effect probe (Gauss/Teslameter, F.W. Bell Model 5080).
This measurement permits to calculate the ME coefficient aE
using ME theory. The ME materials equation of state is a second
order equation:
P ¼ εE þ apH þ
1
2
bH2 (2)
where P, E, H and ε are the polarization, the electric field, the
magnetic field and the material permittivity respectively. aP and b
are linear and bilinear polarizationME coefficients respectively. The
electric field being inexistent, (2) becomes:
P ¼ apH þ
1
2
bH2 (3)
The ME current is determined by the following equation (4):
i ¼ S!P ¼ apS$

!Hdc þ
!hac
 
þ bSðHdc þ hacÞ$

!Hdc þ
!hac
 
(4)
where S is the electrodes surface in contact with the sample,
S ¼ 15 & 5 mm2.
Since !Hdc ¼ 0, (4) can be written as:
i ¼ apS
!hac þ bSðHdc þ hacÞ
!hac (5)
!hac ¼ juhac and hac ¼ Hace
jut
; (5) becomes:
i ¼ apSjuHace
jut þ bSjuHdcHace
jut þ bSjuH2ace
2jut (6)
If Hdc ¼ 0, the current evolves linearly with the frequency
i ¼ aPSjuhac. The polarization ME coefficient aP can be determined
by measuring i:
ap ¼
i
Sjuhac
¼
dP
dt
&
dt
dH
(7)
Physically, aP expresses the change of polarization relative to the
variation of the magnetic field. To compare these data with litera-
ture, the stress ME coefficient aE has to be introduced:
aE ¼
dE
dH
¼
ap
ε0εr
(8)
3. Results
The morphology and aspect ratio of Ni NWs were studied by
SEM-FEG using secondary electrons detection mode. Dispersed
NWs in acetone suspension are deposited on SEMpin. After acetone
evaporation, NWs are shown in Fig. 1a. Fig. 1b presents a bundle of
Ni NWs still bound by the silver layer from the electrodeposition
process.
Fig. 1c and d shows SEM-FEG cryofractures of the P(VDFeTrFE)
matrix filled with 0.3 vol% of Ni NWs. Films were fractured at liquid
nitrogen temperature perpendicularly to the press direction. Using
the backscattered electrons detection mode, bright domains show
the Ni NWs dispersed in the P(VDFeTrFE) matrix.
The structure and texture of Ni NWs have also been investigated
by TEM and HRTEM in Fig. 2. The bright field image (Fig. 2a) shows
the morphology of the NWs presenting a homogeneous surface
associated with a punctual electronic diffraction. This diffraction
pattern and the HRTEM image are characteristic of a mono-
crystalline NWs. The spacings in the SAED pattern are in good
agreement with spacings of the fcc Ni (space group Fm-3m,
a ¼ 3.5239 Å).
The magnetization hysteresis loops in Fig. 3a were measured at
300 K for Ni NWs embedded in the AAO template at two different
magnetic field directions; i.e. parallel (out-of-plane with the AAO
template) or perpendicular with the NWs long axis (in-plane with
the AAO template) at 2, 100, 300 and 400 K. When the magnetic
field is parallel to Ni NWs direction, the NWs coercive field HC is
160 Oe and the squareness is 0.13, which means that the remnant
magnetization Mr is 13% of the saturation magnetization Ms.
P(VDFeTrFE)/Ni NW 0.3 vol% magnetic hysteresis loop at 300 K
is represented in Fig. 4b. Although the coercivity HC equal to 250 Oe
is identical in the two magnetic field directions, the squareness
value is considerably higher when the magnetic field is parallel
with the composite film. The values are 0.65 in the parallel direc-
tion and 0.14 in the perpendicular one.
The neat P(VDFeTrFE) and the P(VDFeTrFE)/Ni NW 0.3 vol%
composite ferroelectric hysteresis loops were measured and shown
on Fig. 4. The applied electric field between the electrodes is strong
enough to obtain well-defined hysteresis loops. The neat
P(VDFeTrFE) and its composite were submitted to a maximum
Fig. 1. SEM-FEG images of Ni NWs after dispersion in acetone (a), bound by the silver layer from the electrodeposition process (b), and cryofractures of composites P(VDFeTrFE)/Ni
NWs 0.3 vol% (c, d).
electric field of 60 kV mm 1. The remnant polarizations measured
when E ¼ 0 are 3.9 mC m 2 and 2.5 mC m 2 for neat P(VDFeTrFE)
and the P(VDFeTrFE)/Ni NW 0.3 vol% respectively. The coercive
field values are 440 kV cm 1 and 307 kV cm 1 for neat P(VDFeTrFE)
and composite respectively. The piezoelectric coefficient d33 has
also been measured for the two samples in the direction 3
(perpendicularly to the composite film direction and in parallel to
the polarization direction). The values are  20 pC N 1
Fig. 2. a) Bright field TEM image of Ni NWs and this selected area diffraction pattern along the [112] zone axis and b) this associated HRTEM image.
Fig. 3. Magnetic hysteresis loop for (a) Ni NWs and (b) the P(VDFeTrFE)/Ni NWs 0.3 vol% at 300 K, H is applied perpendicularly and in parallel to the Ni NWs and the film direction
respectively (-) parallel field, (B) perpendicular field.
Fig. 4. Polarization hysteresis loop for neat P(VDFeTrFE) and P(VDFeTrFE)/Ni NWs
0.3 vol%.
Fig. 5. Magnetoelectric current for P(VDFeTrFE)/Ni NWs 0.3 vol% as a function of Hac
at f ¼ 1 kHz.
and  7 pC N 1 for neat P(VDFeTrFE) and P(VDFeTrFE)/Ni NW
0.3 vol% respectively.
The composite ME coefficient has been measured along the di-
rection 3. A Hdc scanning showed that the magnetoelectric current
IME is independent from Hdc. The following measurements are
made with Hdc ¼ 0. The variation of the ME current IME has been
reported as a function of the magnetic field Hac and the frequency
in Figs. 5 and 6 respectively. At this frequency range, IME increases
and evolves linearity with Hac and the frequency. This phenomenon
is coherent with the magnetoelectricity theory. If these measure-
ments had been performed close to the resonance frequency, a
resonance peak associated with the electromechanical resonance
would have been observed [23].
4. Discussion
On the SEM-FEG image (Fig. 1a and b), individual Ni nanowires
are observed. They have no affinity with acetone which allows a
homogeneous dispersion in this solvent. They were not damaged
after sonication treatment. The Ni NWs bundle shows that their
lengths are 50 mm. Their size corresponds to AAO membrane
thickness and the size dispersion is insignificant.
Fig. 1c and d shows a Ni NWs uniform distribution throughout
the P(VDFeTrFE) matrix and no micron size aggregates are
observed. Indeed, Ni NWs have no affinity in acetone and they kept
their homogeneous dispersion in the polymer.
Thanks to the bright field TEM image, it is possible to determi-
nate Ni NWs diameter. Fig. 2a shows a 200 nm diameter Ni NW.
This value confirms the size predicted by the AAOmembrane pores
diameter. The aspect ratio of Ni NWs was estimated at 250 (using
the result of SEM en TEM study). These observations indicate the
interest of this method to obtain reproducible Ni NWs.
The SAED pattern (inset Fig. 2a) and the HRTEM image (Fig. 2b)
are characteristic of a monocrystalline NW. The spacings in the
SAED pattern are in good agreement with spacings of the fcc Ni
(space group Fm-3m, a ¼ 3.5239 Å).
According to the hysteresis cycle represented in Fig. 3a, a strong
anisotropy is evidenced by the both lower HC (50 Oe) and square-
ness (0.03) values at the perpendicular field direction to the Ni NWs
(out-plane with the AAO template). Such anisotropy has been
observed with magnetic nanowires [16,17,24e28] or nanotubes
[29,30]. The anisotropy has been previously studied by Han [31]
who showed that it was led by three contributions: the shape
anisotropy due to the individual wires which induces a magnetic
easy axis (parallel with the wire direction), magnetostatic coupling
among the wires which leads to a magnetic easy axis (perpendic-
ular with the wires direction), and the magnetocrystalline anisot-
ropy which induces a parallel magnetic easy axis if the NWs
microstructure is monocrystalline. The higher values of coercivity
and squareness at the parallel direction show that the magneto-
crystalline and the shape anisotropies are predominant over the
magnetostatic coupling among the NWs. The coercivity and
squareness values are similar to the values found in literature for
the same particles diameter [32,33]. Although, we can find higher
values in several articles for lower diameter particles [34,35].
Indeed, decreasing the NWs diameter raises coercivity and the
magnetic hysteresis hardness [36]. Anisotropy is also observed by
studying at the composite magnetic hysteresis loop on Fig. 3. The
cryofracture SEM-FEG images (Fig. 1c and d) allow us to observe
that the Ni NWs are preferentially oriented in the film direction,
due to the hot melt process. The magnetic easy axis is then along
the NWs direction. This observation confirms the three contribu-
tions previously given. The low NWs concentration in P(VDFeTrFE)
induces a magnetostatic coupling decrease which increases the
squareness.
Fig. 7 shows the coercivities and the squarenesses of Ni NWs (a)
and P(VDFeTrFE)/Ni NW 0.3 vol% composite (b) respectively, as
functions of the temperature. The temperature influence of the Ni
NWs in alumina template on magnetic properties is negligible. For
P(VDFeTrFE)/Ni NW, the composite coercivity decreases when the
temperature increases. It has been associated with the polymer
mobility increase near Tg (Tg is equal to 240 K for P(VDFeTrFE)).
This phenomena has been observed for polyamide 12 filled with
SmeCo particles [37].
The electric hysteresis loops on Fig. 4 show that the remnant
polarization and the coercive field values are strongly dependent
from the matrix filling. Indeed, the hysteresis loop area is lower for
the composite. The higher d33 value of the neat P(VDFeTrFE) con-
firms the difficulty to polarize the P(VDFeTrFE) filled with
conductive particles. Nevertheless, the P(VDFeTrFE)/Ni NWs
0.3 vol% d33 is significant. In order to know the crystallinity influ-
ence on neat P(VDFeTrFE) and its composite d33 values, differential
scanning calorimetry measurements have been performed with
these two samples. The crystallinity of 53.6 and 49.5% for neat
P(VDFeTrFE) and P(VDFeTrFE)/Ni NWs 0.3 vol% respectively is
considered as constant. It confirms that d33 is not dependent from
the P(VDFeTrFE) physical structure evolution, but from poling
difficulties in presence of Ni NWs (decrease of electrical local field
and increase of sample heterogeneity).
Thanks to the equations (7) and (8), the ME coefficient aE has
been calculated and reached the value of 237 V/(m Oe) at 4 kHz.
This value is compared by the ones found in the literature
[8,9,38e43] reported in Fig. 8. The ME coupling is due to the strain
produced by the magnetic Ni NWs on the piezoelectric matrix.
When the NWs are submitted to a magnetic field, they tend to
orientate in the direction of the magnetic field due to their
anisotropy. This orientation produces a strain on the piezoelectric
matrix which is converted in electrical charges. Most of the ME
composites in the literature are multilayer which decreases greatly
the surface contact and thus the ME coupling. The value obtained
for P(VDFeTrFE)/Ni NW composite is in the same magnitude as
composites containing PZT. In comparison with composites with a
P(VDFeTrFE) matrix the aE coefficient measured in this work is
largely higher. This can be explained by a high surface contact be-
tween the ferromagnetic particles and the piezoelectric matrix
thanks to a homogeneous dispersion shown in SEM cryofracture.
Our high aE value can also be explained by the Ni NWs high aspect
ratio. Previous studies on polymer matrix composites were carried
Fig. 6. Magnetoelectric current for P(VDFeTrFE)/Ni NWs 0.3 vol% as a function of the
frequency at Hac ¼ 1 Oe.
out with spherical particles. The NWs ability to deform and the
strain implied by the magnetic field are supposed to be more
important for high aspect ratio particles than spherical particles.
Contrary to the ceramic based composites, the sample elabo-
rated in this study presents the following advantages: easy elabo-
ration, ductility, low density.
5. Conclusion
P(VDFeTrFE)/Ni NWs 0.3 vol% composites magnetoelectric
properties are described. At the microscopic level, the magnetic Ni
nanowires were quasi-randomly distributed in the ferroelectric
P(VDFeTrFE) matrix. Magnetic properties have been investigated.
The anisotropic nature of the Ni NWs had been highlighted by the
highest coercivity and squareness in the parallel direction. The
interaction between Ni NWs had also been evidenced by the
improvement of the magnetic properties in the composite (a
coercivity of 250 Oe and a squareness of 0.65 in the parallel di-
rection). HRTEM images combined with SAED mode showed the
monocrystallinity nature of the particles which allowed improving
their magnetic properties. The P(VDFeTrFE)/Ni NW 0.3 vol% com-
posite had been polarized under an electric field of 60 kVmm 1 and
obtained a significant piezoelectric coefficient in the direction 3 of
7 pC N 1. By associating the Ni NWs magnetism and the
P(VDFeTrFE) piezoelectricity, a multiferroic composite with a very
high magnetoelectric coefficient was obtained. The
magnetoelectric coefficient reached the value of 237 V/(m Oe)
which is the highest found in the literature for composites with a
polymer matrix.
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